Des-γ-carboxy prothrombin (DCP) has been well established as a hepatocellular carcinoma (HCC) tumor marker. However, the precise mechanism by which HCC cells produce DCP remains unknown. Importantly, DCP is not specific for HCC. For example, vitamin K-deficiency or ingestion of a vitamin K antagonist (warfarin) also leads to DCP production. In addition, supplementary administration of vitamin K2 analogues to HCC patients has led to reduce serum DCP levels. From these observations, we hypothesize that DCP might be produced from HCC cells with functional impairment of vitamin K uptake. Because, as previously reported, the down-regulation of E-cadherin or high serum DCP in HCC patients is associated with a high risk of vascular invasion, intra-hepatic metastasis and tumor recurrence, we examined if HCC cells might produce DCP by epithelial to fibroblastoid conversion (EFC) in vitro. HepG2 cells were induced EFC by tumor promoter, 12-O-tetracanoylphorbol-13-acetate (TPA). DCP production was observed in HepG2 cells that had lost E-cadherin expression in a TPA-dosedependent manner. The DCP production was inhibited by introducing additional vitamin K2 into the treated cells. In addition, LDL uptake as a surrogate of vitamin K uptake was significantly impaired in TPA-treated HepG2 cells. The cells with impairment of LDL uptake produced DCP. Fat soluble vitamins are taken up into cells through clathrin-mediated endocytosis, in which the dynamic polymerization of F-actin plays a crucial role. We found that HepG2 cells with F-actin rearrangement produced DCP. In addition, latrunculin A, an actin depolymerizer, induced naïve HepG2 cells to produce DCP, confirming that impairment of F-actin polymerization is a key mechanism of DCP production. We showed in vitro that cytoskeletal filament change by EFC is crucial for DCP production in HepG2 cells.
Introduction
Prothrombin is a vitamin K-dependent blood coagulation protein that is synthesized in the liver, and biological active form of prothrombin is produced when vitamin K functions as a cofactor in the posttranslational carboxylation of specific glutamyl residues. In the absence of vitamin K or when its action is antagonized by warfarin, abnormal prothrombin (des-γ-carboxy prothrombin; DCP), also known as 'protein induced by vitamin K absence or antagonist II' (PIVKA-II), is released into the blood (1) . DCP also has been well established as a hepatocellular carcinoma (HCC) tumor marker (2) , and several authors have suggested the mechanism of DCP production in HCC cells such as reduction of γ-carboxylase gene expression (3) , excessive synthesis of prothrombin precursors (4) or reduction of vitamin K content (5) . However, the precise mechanism of DCP production by HCC remains unclear. Importantly, DCP is not specific for HCC, and DCP antigen in patients with HCC is thought to be similar to that in patients who are treated with warfarin (1) . In addition, supplementary administration of vitamin K2 analogues to HCC patients reduced serum DCP levels (6) , and vitamin K2 inhibited DCP production in vitro as well (7) .
Recent clinical evidence suggests that high serum DCP in HCC patients is associated with a high risk of vascular invasion (8, 9) , intra-hepatic metastasis (9) and tumor recurrence (10) . Down-regulation of E-cadherin is involved in the early recurrence of HCC after surgical treatment (11) or metastasis (12) . Thus, several lines of clinical evidence suggest that migration or invasion of tumor cells is prompted by the loss of E-cadherin, which is a central component of cell-cell adhesion junctions. In addition, the juxtamembrane region of cadherins may signal to the actin cytoskeleton, given that E-cadherin is attached to the cytoskeleton via connections to several cytoplasmic proteins such as ß-catenins (13) . Actually, the cytoskeleton is dramatically reorganized during epithelial-mesenchymal transition (EMT) (14) , and epithelial to fibroblastoid conversion (EFC) in HCC is accompanied by extensive reprogramming of the cytoskeleton (15) . In addition, actin-based cytoskeleton reorganization affects several processes that need to reshape the plasma membrane, including different forms of endocytic internalization and the protrusion of lamellipodia and filopodia during cell migration (16) (17) (18) . From these pieces of evidence, we hypothesized that cytoskeletal filaments change during EFC is crucial for DCP production by impairment of vitamin K uptake.
Materials and methods
Cell culture. HepG2 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (10% DMEM). For EFC, cells were incubated with 12-O-tetracanoylphorbol-13-acetate (TPA) for 24 h (19) . For the immunofluorescence study, HepG2 cells were cultured in chamber slides (Nagle Nunc International, Rochester, NY) with 0.1% dimethyl sulfoxide (DMSO) (control) or 50 nM TPA for 24 h. All chemical reagents were purchased from Sigma (St. Louis, MO).
Cell migration assay. HepG2 cells were seeded into the upper chamber of a 24-well culture insert membrane (pore size; 8 μm, Millipore, Billerica, MA, USA) in 10% DMEM. The cells were incubated with 0.1% DMSO or 50 nM TPA for 24 h. Cells that had migrated to the underside of the insert membrane were stained with 0.3% crystal violet (Sigma). The cells on the upper side of the insert membrane were gently rubbed with a cotton swab.
Western blot analysis. Cells were resolved using SDS-PAGE and transferred to nitrocellulose membranes. The membranes were incubated with anti-mouse E-cadherin (1:2,500, BD Transduction Laboratories, San Jose, CA). Antibodies against ß-actin (1:5,000, Abcam, Tokyo, Japan) were used for an internal control. The proteins were detected using electrochemiluminescence techniques (Pierce Chemicals, IL).
Immunofluorescence-microscopy. After cells were fixed with 4% paraformaldehyde, primary antibodies were applied to monolayer of the cells overnight at room temperature. Antirabbit E-cadherin (1:50, IBL Co., Fujioka, Japan) and antimouse PIVKA-II (1:100, a kind gift from Eisai, Tokyo, Japan) were used as primary antibodies. After washing, cells were incubated with FITC-conjugated anti-rabbit IgG (Sigma) or AlexaFluors 568-conjugated anti-mouse IgG (Invitrogen, Carlsbad, CA). The cell nuclei were stained with mounting medium containing DAPI (Vector, Burlingame, CA). FITCconjugated phalloidin (Sigma) was applied for 40 min at room temperature to reveal filamentous actin. Images were obtained using the 'All-In-One Immunofluorescence Microscopy' system (Keyence Inc., Tokyo, Japan).
Enzyme-linked immunosorbent assay (ELISA). HepG2 cells were seeded at a density of 2x10 5 cells into 24-well plates. The next day, the medium was replaced with medium containing various concentrations of TPA, or 50 nM TPA with various concentration of vitamin K2, and the cells were cultured for another 24 h. In other experiments, HepG2 cells were cultured with 1 μM latrunculin A (Lat A) with or without 100 nM vitamin K2 for 24 h. The supernatant was subjected to ELISA. Control cells were incubated with 10% DMEM containing 0.1% DMSO. The DCP concentration was determined using a PIVKA-II ELISA kit (Eisai, Tokyo, Japan) according to the manufacturer's instructions.
Uptake of low-density lipoprotein (LDL).
HepG2 cells were cultured in serum free DMEM containing 1% bovine serum albumin with 0.1% DMSO or 50 nM of TPA for 24 h. Cells were incubated with 1 μg/ml of 3,3'-dioctadecylindocarbocyanin (Dil)-LDL (Biomedical Technologies, Stoughton, MA) and 10 μg/ml of human LDL for 20 min at 37˚C, then fixed with 4% paraformaldehyde. Anti-mouse PIVKA-II was applied overnight at room temperature. Monolayer was incubated with FITC-conjugated anti-mouse IgG.
Fluorescence-activated cell-sorting (FACS) analysis. HepG2 cells were cultured in serum-free DMEM containing 1% bovine serum albumin with 0.1% DMSO (control) or 50 nM TPA for 24 h. After being harvested, cells were incubated with human LDL receptor antibody (Acris-antibodies, Hiddenhausen, Germany) on ice for 15 min. After washing, FITC-conjugated anti-rabbit IgG (Sigma) was applied. After fixed with 4% paraformaldehyde, cells were subjected to FACS analysis. The stained cells were analyzed using FACSCalibur and Cell Quest software (Becton-Dickinson, San Jose, CA).
Filamentous (F) actin/globular (G) actin in vivo assay.
The ratio of F-actin versus G-actin in cells was analyzed using a G-actin/F-actin in vivo assay kit (Cytoskeleton Inc., Denver, CO) according to the manufacturer's instructions. The ratio of F-actin versus G-actin was quantified using the quantity one software (Bio-Rad, Hercules, CA).
Statistical analysis. All data are expressed as mean ± SD. Multiple comparisons were performed using One-way ANOVA. Intergroup comparisons were performed using paired t-tests and Bonferroni's correction for multiple comparisons. Values of p<0.05 were considered to be statistically significant.
Results

Induction of EFC in HepG2 cells.
To induce EFC, we used TPA because it is known to trigger the morphological transition from epithelial to fibroblastic appearance accompanied by scattering and migration of HepG2 cells with a reduction in E-cadherin expression (19) . Actually, TPA treatment caused the HepG2 cells to become scattered and to adopt a fibroblastlike appearance, whereas control cells showed round-shaped and clustered appearance ( Fig. 1A ). TPA treatment also induced cells to migrate to the underside of the insert membrane within 24 h, whereas few control cells migrated in this way (Fig. 1B) . These observations were quantitatively confirmed by Western blotting. In TPA-treated HepG2 cells, the expression level of E-cadherin was significantly downregulated relative to control cells (Fig. 1C) .
DCP production by EFC-induced HepG2 cells. Continuous liner staining of E-cadherin along cell boundaries was observed in control HepG2 cells, whereas E-cadherin immunostaining was reduced and sparsely retained in the cytoplasm of TPAtreated HepG2 cells ( Fig. 2A) . Interestingly, DCP production was clearly observed in cells that lost linear E-cadherin expression ( Fig. 2B ). Naive HepG2 cells had different phenotypes with respect to cell morphology and DCP production. Some naïve HepG2 cells that showed fibroblast-like morphology with scattering tendency produced low level of DCP in immunofluorescence study (data not shown) although they were in the minority, whereas round-shaped and clustered HepG2 cells (typical naïve HepG2 cells) did not produce DCP.
Dose-dependent production of DCP by TPA treatment and inhibition of DCP production by additional vitamin K2. The results of ELISA demonstrated that TPA induced HepG2 cells to produce DCP in a dose-dependent manner (Fig. 3A) . These effects of TPA were not due to a change of cell numbers (Fig. 3B ). Considered together with the results of Fig. 2 , HepG2 cells produced DCP during EFC. DCP production in the TPA-treated HepG2 cells was inhibited by vitamin K2 in a dose-dependent manner (Fig. 3C ) just as serum DCP is reduced by administration of vitamin K2 analogues in patients with HCC (6) , which reminded us that these cells have functional impairment of vitamin K uptake, not complete destruction of DCP production pathway.
Impairment of LDL uptake in EFC-induced HepG2 cells.
TPA treatment impaired Dil-LDL uptake into HepG2 cells (Fig. 4A) whereas control cells clearly internalized and accumulated Dil-LDL. In addition, the cells that had impaired Dil-LDL uptake produced DCP (Fig. 4B ). Since FACS analysis demonstrated that TPA up-regulated LDL receptors on HepG2 cells (Fig. 4C ) as previously reported (20) , impairment of LDL-uptake by TPA may not be due to a reduction of the number of LDL receptors. These observations were consistent with previous report that vitamin K content was significantly reduced in HCC (5) .
Disruption of filamentous actin in EFC-induced HepG2 cells,
which resulted in DCP production. Immunofluorescence study using FITC-conjugated phalloidin revealed a subcortical typical network of filaments in control HepG2 cells ( Fig. 5A and B) . In contrast, in TPA-treated HepG2 cells, these filaments were completely absent, and dotted phalloidin-positive fibers were observed, suggesting that F-actin was disrupted by TPA treatment. To confirm this, we determined the ratio of F-actin versus free G-actin and found that the amount of F-actin was significantly reduced in TPA-treated HepG2 cells relative to control HepG2 cells (Fig. 5D ). In addition, DCP production was clearly detected in TPA-treated HepG2 cells in which linear F-actin structures were absent, whereas it was not observed in control cells that showed a fine network of F-actin ( Fig. 5C ). To confirm the importance of F-actin for DCP production, naïve HepG2 cells were treated with Lat A, which is known to disrupt F-actin (Fig. 5E ). Lat A significantly induced naïve HepG2 cells to produce DCP (Fig. 5F) . These results, together with Fig. 4 , clearly demonstrate that disruption of F-actin is a key mechanism of DCP production by impairment of vitamin K uptake. Interestingly, Lat A-induced DCP production was inhibited by additional vitamin K2 (Fig. 5F ) as seen in TPA-treated HepG2 cells (Fig. 3C ).
Discussion
We demonstrated that cytoskeletal filament change during EFC is crucial for DCP production by impairment of clathrin-mediated endocytosis in HepG2 cells.
From the clinical evidence that serum DCP is detected in non-HCC patients when warfarin is administered (2) , and serum DCP is reduced by administration of vitamin K2 analogues in patients with HCC (6), we initially hypothesized that DCP is produced when vitamin K uptake is impaired in HCC cells. However, it is difficult to examine vitamin K uptake itself because labeled vitamin K is not commercially available. Dietary vitamin K, a fat-soluble essential vitamin, is physiologically delivered to the liver in the form of chylomicron remnants (21) . Furthermore, LDL receptor is essential for the normal, fast clearance of chylomicron remnants (22) , and chylomicron remnants are partially taken up via LDL receptor-mediated endocytosis (23) . Therefore, we used labeled LDL (Dil-LDL) and LDL uptake was actually impaired in TPA-treated HepG2 cells. In addition, LDL (vitamin K) is taken up into cells through clathrin-mediated endocytic internalization (23) (24) (25) . During this process, the dynamic polymerization of endogenous F-actin plays a crucial role in both mammalian and yeast cells. Therefore, we examined the relation between F-actin change and DCP production. DCP production was observed in TPA-treated HepG2 cells that disrupted F-actin. Furthermore, these observations were confirmed by the results that Lat A-treated HepG2 cells produced DCP.
The reduction of DCP production in TPA-treated HepG2 cells by additional vitamin K2 is supposed to be a supplementary effect of vitamin K2 rather than a cytotoxic effect of vitamin K2 because the dose of vitamin K2 is much lower to reduce DCP levels (<100 nM) than that needed to inhibit HCC cell growth (50-100 μm) (7) . In addition, supplementary effect of vitamin K2 on the reduction of DCP production in both TPA-and Lat A-treated HepG2 cells suggest that the effect of both Lat A and TPA on F-actin change is partial and functional, not complete, with respect to the clathrinmediated endocytosis of LDL (vitamin K). Our result that some Dil-LDLs were observed even in TPA-treated HepG2 cells (Fig. 4A ) supports this. Therefore, it is interesting to speculate that supplementary vitamin K2 recover total vitamin K2 uptake into Lat A-, TPA-treated HepG2 cells, resulting in reduction of DCP production. F-actin is critical for endocytosis in yeasts (26) . In mammalian cells, however, F-actin has a facilitatory rather than an essential role in endocytosis (27) , and inhibition of endocytosis in mammalian cells by Lat A tends to reduce the rate of internalization rather than blocking it completely (28) . These pieces of evidence also support our observations. Cell growth inhibition induced by TPA is associated with one of the mitogen-activated protein kinase, extracellular signal-related kinase (ERK), and sustained ERK activation is associated with cell cycle arrest via activation of cyclindependent kinase inhibitors (29) . TPA treatment reduced the number of HepG2 cells in the previous report (19) whereas, in our study, it was not changed even with high dose of TPA. This discrepancy may come from cell condition. We first selected round-shaped HepG2 cells by limiting dilutions and used within 5 time division before cells would show cell scattering or fibroblastoid phenotype. Therefore, it is possible that their naïve HepG2 cells were undergoing EFC and TPA might reduce the cell number.
In conclusion, our data clarified the mechanism by which DCP is produced from HepG2 cells in vitro, showing that rearrangement of the cytoskeleton, particularly F-actin, during EFC results in functional impairment of clathrin-mediated endocytosis of vitamin K, and in turn produces DCP. However, the present study involved in vitro experiments, in which cells were chemically induced to undergo EFC, rather than natural transition. Therefore, further examinations are required to clarify if cytoskeletal rearrangement naturally occurs in vivo and these cells produce DCP.
